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ABSTRACT 

This thesis reports on the detailed investigation 
o£ the stability characteristics of two terminal HVDC system' 
for the purpose of controller design with current and power 
control at rectifier terminal and feedback type of constant 
extinction angle control at the inverter. Both individual 
phase and equidistant pulse control firing schemes are con- 
sidered. The effect of the variation in the control system' 
structure, control strategies and system parameters is in- 
vestigated. The operating point stability analysis, to 
accomplish this, is carried out using a linearized, discrete 
time state space system model based on average system 
quantities. The stability analysis is carried out using 
linear control theory techniques in both frequency and time 


domain 



CHAPTfiR 1 


INTRODUCTION 


1.1 GENERAL 

The introduction of HVDC links in the existing 
power systems has added a new dimension in bulk power 
transmission over long distances. Apart from overcoming 
certain disadvantages of ac power transmission, the HVDC 
transmission has played an important role in improving 
the stability of the present day ac power system. 

The proper and reliable operation of HVDC system largly 
depends on the design of the associated control system. 
With multiterminal HVDC systems being envisaged in near 
future, the requirement for the proper design of converter 
controllers has assumed great importance as multiterminal 
operation requires a well coordinated control. 

One of the primary requirements of the converter 
aontrol system is to ensure reliable system performance in 
the event of certain disturbances normally encountered in 
operation. This ^demands, a systematic approach for the 
design of the converter control systems. 

The design of the converter controllers has been 
carried out using HVDC simulators or digital simulation* 
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Both these methods are quite costly and have restricted 
flexibility. This has necessitated the development of analy- 
tical methods to investigate the system stability for the 
design of converter control system. The analytical approach 
is more flexible and affords 3a3© in studying various aontrol 
alternatives with wide variation in controller parameters. 

1.2 STABILITY ANALYSIS OP CONVERTER CONTROL SYSTEM 

The HVDC system consists of converters# controllers, 
firing pul se generators# DC transmission network and the asso- 
ciated AC system. The study of system performance requires 
the dynamic representation of these components. The degree 
of details to be included in the representation depends on 
the type and objective of the study. For example# in case of 
transient stability studies Cao] a simplified model of the 
converter is adequate. However# the operating point stability- 
analysis (dynamic stability analysis) for the purpo sa of the 
design of converter pontrols# requires a detailed representa- 
tion of the converter characteristics t* alongwith the detailed 
dynamic representation of the associated control# firing pulse 
generation scheme# transmission network and the ac system. 

The dynamic interaction between these various components 
leads to a nonlinear mathematical model of the HVDC system. 
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The operating point stability analysis is however* oar tied 
out by linearising the set of equations around an operating 
point which then results xn the linearised system model. 

The system stability can then be investigated using frequency 
response technique or eigen value analysis as applicable to 
the linear control system study. 

Several HVDC system models have’ been reported in the 
literature for the purpose of operating point stability ana- 
lysis • Basic difference between theare models is due to the 
converter representation. Since the control of the converter 
is effective only at discrete time instants which correspond 
to the instants of firing, the converter and the associated 
firing pulse generator have been represented as discrete time 
systems. Cl ,2] . This leads to a discrete time description 
•f the HVDC system* However, the converter has also been 
modelled as a continuous time system, thus resulting in a 
continuous time representation of the overall systamj" 19 ] 

Acknowledging the discrete nature of converter control, 
Busemann ( 3 L 5 J in 1951, first gave a system model in which the 
converter was represented by a constant dc gain for all fre- 
quencies* The effects of commutation and the dc side ripples 
were neglected* It was also pointed out that the phenomenon 
of hunting in rectifiers took place at half the firing freque- 
ncy* 
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An interesting method has bean suggested by 
Porsson ($) far calculating the transfer function of a 
converter in a grid controlled system* A* conversion factor’ 
is introduced which relates the instantaneous ac quantity 
with the corresponding dc quantity. Conversion factor/ is 
defined as a periodic time function with its fundamental 
frequency equal to the supply frequency. Sakuma and Pacific 
interties are analysed to prove its practicability. 

Fallside et. al.[4] developed the concept of 
modelling a converter as a pure sampler. To avoid the 
undesirable feature of harmonic instability/ the effect of 
ripples fed back in a closed loop control system has been 
considered. Describing function technique has been employed 
for the design of the control system. 

A new discrete time converter model was introduced! 
by Sucena-Paiva et al [ 11.] to include the effect of commu- 
tation. The changes in the converter output voltage were 
treated as impulses at the firing instant and at the end of 
the commutation period. As a result of this the converter was 
rep re sented^ for the purpose of small signal analysis^as a 
sampler. The stability analysis is carried out based on 
sampled data control theory using 2 transform technique. The 
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model has later been applied to investigate the system 
stability with VCO based firing control scheme [13- ] . The 
stability analysis of the HVDC systems connecting strong and 
weak ac systems have also been reported employing the dis- 
crete converter model [ 14, 12] . However, the use of Z trans- 

from technique for stability analysis makes the development 
of the system model extremely cumbersome, particularly when 
the dynamic interaction between the ac and dc systems is 
included, jj . q ] 

Padiyar et al ] have proposed a discrete time 
converter model based on average system quantities. Utili- 
zing this* the overall HVDC system model is developed in 
the state space frame -work. The modular approach for the 
development of the system model enables to include the compo- 
nent representations to any desired degree of detail. The 
interaction between the ac and dc system dynamics has been 
represented by modelling the ac system in d-q frame of 
reference. The results of stability predictions are validated 
using digital simulation. 

The stability analysis of HVDC system involving digital 
control has been carried out by ZhC'iriS ] * A ‘state-averaging* 
technique has been used to represent the discrete time instants 
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of converter control in the development of the state space 
model of the HVDC system. 

1.3 OBJECTIVE AND SCOPE OF THE THESIS 

A review of the literature reveals that although 
various approaches have been put forward for the represen- 
tation of the HVDC system, a detailed investigation of the 
stability Characteristic of the HVDC system has not been 
carried out to study the effectiveness of the converter 
control system with different firing control schemes and 
change in system parameters. 

The objectives of this thesis, therefore, are the 

following 

1. Development of the two terminal HVDC system model consi- 
dering a feedback type of control at the inverter. 

2. Study of the effect of both individual phase control and 
equidistant pulse control firing schemes, on the stability 
characteristics of the system. 

3. Detailed investigation of the system performance with 
different control strategies, variation in system parameters. 

In this thesis the operating point stability analysis 
of the converter control system has been carried out for the 
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purpo S3 of con troll or design. The model of two terminal HVDC 
system is developed based on the approach outlined in reference 
[ 1 3 • The ac system feeding the converter is assumed to 

be strong and hence its dynamics representation is ignored. 

1,4 CHAPTSRWISE DESCRIPTION OP THE THESIS 

Study of stability performance of two terminal HVDC 
system is carried out on the basis of a discrete linear model. 
Chapter 2 of the thesis deals with the development of component 
models of the system. Converter, controller, firing pulse 
generator and DC transmission line are modelled individually 
in detail to facilitate an overall model development. A typical 
case of single converter has also been taken up in this chapter 
to show the effect of firing scheme® on the stability of the 
system. 

Utilising the subsystem models developed in Chapter 2, 
a discrete -time linear model has been developed in Chapter 3 
for carrying out the stability analysis. An attempt has 
been made to describe the interfacing of different subsystems 
in a systematic manner. The influence of firing schemes, 
different control structures, control strategies and system 
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parameters have also been investigated in this chapter. 

Chapter 4 is devoted to the development of a two 
terminal HVDC systemr model consisting of a diode bridge recti- 
fier* The stability boundary for this case is deduced and 
compared with cases having thyristor-bridges at both the 
converters. 

Chapter 5 reviews the major contribution of the 
thesis and suggests the future scope of the worh. 



CHAPTER 2 


DEVELOPMENT OF HVDC SYSTEM MODEL 

2.1 INTRODUCTION 

The development of the HVDC system model for the 
purpose of dynamic stability analysis involves adequate repre- 
sentation of the dynamic characteristics of the various 
subsystems constituting the HVDC system. The sub systems in- 
volved are converters, controllers, firing pulse generators 
and d.c. transmission line. Of these subsystems, the conver- 
ters and the firing pulse generators are the discrete time 
systems, while the controllers and the dc transmission network 
can be treated as continuous time systems. Because of the 
involvement of both continuous and discrete time subsystems, 
the development of the overall system model becomes quite 
complex. Therefore, in order to simplify the analysis, the 
following assumptions are made, 

1, The time interval between two consecutive firing instants 

o 

is constant and is equal to 60 for a 6 pulse converter. 

2. The ae and dc side harmonics are neglected. This enables 
to neglect the filter representation on both ac and dc 
sides and permits the use of average values of the dc quan- 
tities and fundamental components of the ac quantities 
without leading to significant errors (»]. 
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The development of the various subsystem models is 
described in this chapter based on these assumptions. However* 
due to the inherent nonlinear characteristics of the converter* 
the analysis is undertaken using linearized subsystem models. 

The controller and the transmission line are represented by the 
continuous time dynamic equations in the state space framework. 
The equations are then discretized and combined with the 
discrete time representation of the converter and the firing 
pulse generator to result in the linearized, state-space model 
of the two terminal HVDC system. 

The converter representation alongwith the approach 
for the model formulation is illustrated in this chapter through 
the stability analysis of a single converter system feeding a 
load, A detailed stability investigation of a two terminal 
HVDC system is* however, taken up in the next chapter, 

2,2 CONVERTER REPRESENTATION 

The approach employed for the representation is the 
same as introduced in reference [ 2 ], A balanced 3 phase, 

6 pulse* bridge converter under 3 valve conduction is shown in 
Figure 2,1, 
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The three phase ac voltages are given as 


e 

a 

- V2 

E V 
ph 

Sin 

(w t + -—■) 

o 6 


% 

»lf 2 

V 

Sin 

fV + 6 > 

— (2.1) 

e c 

-V 2 

E ph 

Sin 

<»«,* ' 1 > 



Where E ^ is the rms ac phase voltage. Considering 
the converter transformer leakage inductance as L q and neg- 
lecting the transformer resistance, an equation for the circuit 
shown in Figure 2.1 is written as 


e (t) = 


e. 



L 

c 


di^ ’ di c 
“dt " L c "dt 


— ( 2 . 2 ) 


It is - assumed that valve 3 starts conduction after a 
delay angle &(K), corresponding to the time instant t(K^. 

The delay angle is measured with respect to positive going zero 
crossing of the commutation voltage. The next valve starts 
eonduction at the instant t (K+1 ). The average dc output voltage 
of the converter over the interval of time t(K) to t(K+l) is 
given by 

tU+1) 

't(K) 


e (t) dt 


(2.3) 
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As per assumption, valves begin conduction at a regular inter- 
val of 60°. Which implies that 


itM = 


Tt 



— (2.4) 


w c is the angular frequency corresponding to the ac system 
frequency. 


Equation (2*3) with the help of equation (2.2) is 
rewritten as 


v dc (K) * a 




(c, . . + H.) / w 
- V * (K) 3 ;/W o 


tt (K) /W o 


dir. di 

( e -e ~L — -~) dt — (2.5) 
hoc dt c dt 


At the instant t 00 Valve 3 starts conduction 
making i^ equal to zero and i c equal to converter dc current 
Id C ( K). At the next instant t(&+1 ), i^ equals I^ c ( K+1 ), which 
is the same as i * The equation, (2.5) therefore, is reduced to 

^ w c s ft ( ) 2 h_, I dc^ K+ - 1 ^ +L c X dc^ (2*6) 

IHr Li wif" TO t-ifv-l? R/7 5 Vbl-Tfc&E 

Such that 


V. (K) 

dc 


A K 1 


(2.7) 
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The converter model can be modified, for small pertur- 
bation by linearising equations (2.6) and (2.7), at the opera- 
ting point, as 


■ 


A U PC (K) 

A** 


— ( 2 . 8 ) 


where AU DC « - A«(K) + A 2 a i ac (K+l) + a 3 a I dc <« 


^ 2E 

in which = - ^~ Sin a Q £ A 2 ® ~ 2L C ' A 3 


— (2.9) 


a Q is the firing angle at operating point. E is assumed to be 
constant as the ac system is considered to be strong. 


2.3 D.C. TRANSMISSION LINE 

An equivalent *T' network of do transmission lino 
having lumped parameters is shown in Figure 2.2. Linear diffe- 
rential equations describing the transmission line dynamics are 
derived with converters represented as equivalent dc voltage 
sousrces at the rectifier and inverter ends. Between the dc 
voltage source and the transmission line, smoothing reactors 
to limit the overcurrents are also considered. 

A state space equation for the transmission line is 

given by 

+ [ b n] AVj c (k) 


( 2 . 10 ) 




3.6 



1 

i 

r< 

0 

-1/L 


1/L 

0 

where C ] = 

0 

-R/L 

1/L 

and[B N ]= 

0 

1/L 


1/C 

-l/c 

0 ! 

j 


0 

0 


Al ai * v aL ] 

R is the sum of smoothing reactor resistance and half of the 
transmission line resistance* Similarly L is also the sum of 
the smoothing reactor inductance and half of the transmission 
line inductance. V CL is the voltage across transmission line 
capacitance, 1^ and 1^ are the dc currents at the rectifier 
and inverter ends respectively. Output equation of the trans- 
mission line is 

A \ - [ S 3 ASn - < 2 - lx > 


where the constant matrix [ C^] = 


10 0 
0 10 


al represents the vector of converter dc currents 
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2 * 4 converter-controlle rs 

The converter is generally equipped 
with constant power or constant current controller when 

operating as a rectifier, and constant extinction angle when 
operating as an inverter* While current and power controllers 
are of feed-hack type, the constant extinction angle controller 
as discussed in the literature [ 7 , &] can be either of pre- 
dictive type or of feed-back type. In what follows, the dynamic 
equations of the various controllers are developed. 

2.4.1 Current Controller 

The converter output dc current is fed back in the 
controller loop. This is compared with reference current. The 
error, thus obtained, is then arrplif ied through controller 
amplifier to give control signal which is further sent to the 
firing pulse generator. Figure 2.3(a) shows the block diagram 
of current controller. 

The state and output equations depending upon the 
transfer function of controller amplifier is written as 


0 

r 

If 

i — i 

> 

Q 

O 

1 i 

^ ^cc + ^cc ^ u cc 

— (2.12) 

sud A ^-qq * — cc 

^cc 

— (2.13) 


(2.13) 




FIG, 2.3 (a) P' OCK DIAGRAM OF CURRENT 

CONTROLLER. 



'V^c. w 'Ou_ a) j. r CLcV c. <r~~} Vvvv^l^- ^o.y_ ' 

FIG. 2.31b) BLOCK DIAGRAM OF POWER CONTROLLER 



FIG. 2. 3(c) BLOCK DIAGRAM OF CEA CONTROLLER 
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where is the state vector# Y cc is the control signal 

output and & U GC is the converter dc current (feedback signal) 
obtained as output of transmission line model. The variation 
in the current reference setting is neglected assuming the 
steady state of system operation. 


2,4.2 Power Controller 

The block diagram of a power controller is shown in 
Figure 2.3(b). The current reference is determined from a power 
reference. The following is the state and output equations 
representing a power controller. 

= ( & *PC + §PC A u p C ~ (2.14) 


A* PC - S*c A Xp 0 - (2.15) 

where is the controller output. 

XT V> 

2.4.3 Predictive Type Constant Extinction Angle (C.E.A.) 
Controller 

The available information of ac voltage and direct -gai 
current is utilized to predict the value of extinction angle 
[ V 3 • Discrete time equation^ of the CEA control is 


- V2E cos a(K) - V2E cos Y c + 2 w q L c I dc (K) *0 — (2.16) 

where a. y are the firing and extinction angles respectively. 
£ 
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Under the assumption of constant ac system voltage, the 
equation (2.15) upon linearization gives 


A & ( K) = - 


V 2w o ^ 

$ Sin a Q 




(2.17) 


2.4.4 Feedback Extinction Angle Controller 

Predictive type CEA control is an open loop control. 
To make the system insensitive to external disturbances a more 
accurate method is to use a closed loop control for extinction 
angle. A block diagram is given in Figure 2.3(c), which shows 
the arrangement of a feedback (closed loop) extinction angle 
controller. 


Feedback signal is the variation in the measured value 
of extinction ang4» wteiehiia obtained using the following 
equation [ 3 ] . 


1 


d 


V 2E 
2wL 

C 


(cos a + cos 


y m) 


— (2.18) 


whepe E is the rms line voltage at inverter end, 

L is the leakage inductance of the converter transformer and 

w 

Y is the measured value of extinction angle. 

Equation (2.18) upon linearization yields 


Al d +0 2 A °<K> 


(2.19) 
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- V2 wL -Sin a 

where G x « fSiTr and G 2 “ SSPr^ 

o 

J-t- 

e (K) is the inver-t ®t delay angle at the K instant, obtained as 
the output of the firing pul ss generator to which the input is 
the control signal output* 

The controller dynamics can be obtained in a general 

form as 

A is *C A s ] AZe + £ s AU E - (2.20) 

A X e — (2.21) 

is the control signal output. The input &Ug 
comprise s of the inverter end dc current and firing angle at 
instant. 

2.5 FIRING SCHEME 

A satisfactory operation of the converter can be 

assured only when the firing pulses are accurately timed, HVDC 

links particularly use two types of firing control schemes - 
Pktue. 

1* Individual 'NNAse Control (I.P.C.) and 2. Equidistant Pulse 
Control (E.P.C.), 

ft 
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In individual pulse control firing scheme each valve 
is controlled independently and the firing instants are deter- 
mined in each cycle based on the commutation voltage of the 
particular valve. In IPC firing scheme considered here a ramp 
is generated at each positive going zero crossing of the commu- 
tation voltage and is compared with the control signal output 
obtained from the controller. At the instant of equality, the 
firing pulse is generated* [ ] 

. For a small change in control signal AVq, the 

corresponding change in the firing angle is related as 

4 MK) = K fs Av c (K) — (2,22) 

where K fg is the siope of ramp , which is the same as the gain 
o£ firing pulse generator, 

& 

It is evident that in XPC firing scheme, the genera- 
tion of the firing instants critically depends on the commutation 
voltage waveform. In the case of HVDC system connected to weaX 
ac systems, these commutation voltages are distorted due to the 
presence of harmonics. This gives rise to a problem of harmonic 
instability as reported in reference [ - $ ] , To circumvent this 
problem, equidistant pulse control firing scheme was first 
introduced by Ainsworth [& ] . 
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The block diagram structure of the SPC firing scheme 
based on pulse frequency control [10 ] is shown in Figure 2*4. 

This scheme makes use of a voltage-controlled oscilla- 
tor (VCO), the output of which controls a constant-slope ramp 
function generator. The sum of the voltage T/6, which is a 
constant bias for the VCO, and the control voltage avo compared 
with the ramp signal, A pulse is generated at each instant of 
equality. Corresponding to steady state operation, the control 
voltage is zero and the consecutive firing pulses thus maintain 
a regular distance of 60°. The frequency of the oscillator is 
governed by the control signal. The dynamics of EPC firing 
pulse generator in its linearised form is given by 

Az(k-h) - Az(k) + k £ s . A V C < K ) — (2.23) 

Also* 

Att(K) *Az(K) — (2.24) 

The subsystem models developed in the previous sections 
can be combined appropriately to yield the overall system model 
in the form [2 ] . 

— (2.25) 


A x' (k+1) = [ aa]£x' (k) + [bb] Ah^k) 
and A Y *0O * CC T Ax'(K) 


(2.26) 



COMPENSATOR CONTROLLER 
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The system stability can be investigated either from 
the eigen values of the closed loop; system matrix or frequency 
response of the open loop transfer function 4Y^ g j/ ^^dis)* 

The details of the approach to build the overall system model 
is given in the next chapter. However/ in this chapter# the 
stability analysis of a single converter system is carried out 
to illustrate the converter Jtepresentation and the approach for 
the development of the overall system model. 

2.6 SINGLE CONVERTER STABILITY ANALYSIS 

A single converter system feeding an R-L load is 
shown in Figure 2,5. The system stability is investigated under 
both IPC and EPC firing schemes. The system data and operating 
conditions are given in Appendix [ A-l] * The gain of the firing 
control schema is taken as unity. 

Controller and load (continuous time subsystems) dynamics 
are described by the equation 

A ^ * [a] ^ X + B AV dc (K) — (2.27) 


where 



\-±r 


o 


T i 



A «3 


i B - 



1 

0 *■* rn 

l 2_ 


j !/RI l 


A x T * 


[ Ap A i* ] 
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is the gain of control amplifier and is its time constant. 
R L an< ^ 9X0 ^ le l° a< i resistance and time constant respectively* 

In order to combine the continuous time equation (2.27) 
with the discrete equation for the converter and the firing pulse 
generator# equation (2,27) is discretized# using the technique 
discussed in Appendix [ B ] # to give the following form. 

AxCK+ 1) * ekJ R AX(K) + [md] B ^V^OO — (2.28) 

converter equation (2.6) and equation (2.22) for IPC firing 
scheme are combined with equation (2.28) giving 


4X (K+l) ®[AA]Ax(K) *1- BB AV-(K) (2.29) 

In the case of EPC firing control scheme equation 
(2.28) is augmented to include the dynamics of the firing 
control scheme given by equation (2.23). The resulting equation 
is combined with equations (2.6) and (2.24) to yield. 


A *• (K+l) «[ A‘] AX' (K) + B* A V C (K) 


— ( 2 . 30 ) 







Ax 00 


[ AA ] 0 

where A (K) 5 * 

Az(k) 

; [A- ]- 

0 1 


and 


B' 


BB 


0 
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Equation (2.29) and (2.30), thus, represent the 
overall single converter system having an R-L load in a linear 
and discretized form with IPC and EPC firing schemes respec- 
tively. 


Stability of the system is investigated using eigen 
value analysis and frequency response from open loop transfer 
function* The loop is opened at point (x) as shown in Figure 
2.5 where the quantities are related as 

A V c (K) » AP c OO .. (2.31) 

A P (K) , in fact, is a component in the vector AX'OK)* 
Therefore 

A V C (K) *» G' A X{K) (2*32) 

Equation (2.31) is combined with equation (2.29) to give 

A X* (K+l) *[ A* 1 ] A X* (K) — (2.33) 

[A 11 ] is a closed loop matrix, the eigen values of 
which would decide the stability of the system under considera- 
tion. 

The frequency response is deduc«d after deriving an 
expression for the open loop transfer function. System 
equations (2.29) and (2.31) are transformed into frequency 
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domain using classical Laplace transformation technique. The 
equations* hence can be written as 

9 ** Ax' (s) ■[* , ]4S' (t) + S' ^v c(s) - (2.34) 

and AP (s) * S( s) Ax 1 (s) — (2,35) 


Equations (2,34) and (2,35)* therefore* decide the 
open loop transfer function as 

SVsT 2(3) 


{ 


[c“] - [a* J 


*> 


-1 


B 1 


— (2.36) 


4 St 


where [c* ’ ] * e [i] ; [i] being a unity matrix. 


2,7 RESULT AND DISCUSSION 

Stability boundaries are plotted on the controller 
gain and time constant for both the IPC and EPC firing control 
schemes in Figure 2,6. The observation of the boundaries indi- 
cate that the EPC firing scheme is better than IPC within a 
range of time constants from 0,01 millisecond to 0.17 milli- 
second* At higher time constants it is seen that the stability 
domain is much larger with IPC firing control scheme as com- 
pared to that with EPC firing control. This trend conforms 
with results reported in references [2] and [ <© ] . 
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2.8 CONCLUSION 

In this chapter, a detailed representation, of various 
subsystems constituting an HVDC system is presented for the 
purpose of stability analysis. To illustrate the various corrpo 
nent models, the stability study of a single converter system 
is carried out with both IPC and EPC firing schemes. The 
approach for the development of the overall system model is 
extremely modular as a result of which a subsystem can be re- 
presented to any degree of detail desired. 



CHAPTER 3 


STABILITY INVESTIGATION OF TWO TERMINAL HVDC SYSTEMS 

A detailed stability analysis of converter control 
systems, considering the discrete nature of the control, for 
two terminal HVDC system has been carried out in this chapter. 
An overall model of the HVDC system is developed on the 
basis of subsystem models discussed m Chapter 2, The objec- 
tive here is to investigate the system stability with different 
firing control schemes, controller structures and system 
parameters. 

3.1 TWO TERMINAL HVDC SYSTEM MODEL 

The component models for converter, controller, 
firing pulse generator and transmission line are developed in 
the previous chapter and utilized here to construct an overall 
model for the two terminal HVDC system. 

The transmission line model remains unaltered which 
is given by equation (2*10) as 

A& - + tB N ]Av ic <K) 

Depending upon the choice of controllers at both 
rectifier and inverter ends, their dynamics can be combined 
ahosing appropriate equations from 2*12, 2.14, 2.20 
to give the general form as 

& tc • C a c3A5c + C bJ A Uc tvg 


(3.1) 
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where X^. is the state vector containing variables associated 

with controller and U-, is the input vector which may be Con- 
or 

verter dc current, /delay angle e(K) depending upon the type of 
control system at the terminals. 

Equations (2*10) and (3*1) can be written in the 
following manner to give the continuous time equation of the 
system as 

i * [ A] A x + [B] (K) — (3*2) 


where 



f A cl t B af 


” [ B cl 

C A 3 - 


; [b] - 



[?3 M 

>** — 


[ b n! 


and Ax 


4Sc 


The interface between controller and the transmission 
network models is through the converter dc current which is 
obtained as the output of the transmission network model and 
goes as the input to the controller* This effect is incorpo- 
rated in matrix [ A] through matrix [3^ ] * 
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Equation (3*2) is now discretized using the method 
given in Appendix C b] and is written in the form 

X(K+1) «[ AAj ^X(K) + [bb] &V(K) — (3.3) 

In case,EPC firing scheme is considered at any or both 
of the tarminals» equation (3.4) is augmented to include the 
dynamics of the firing scheme given by 

A»(K+1) «&&(k) + K fs ASc AV c (K) — (3.4) 

V- (K) is the input to the firing pul se generator and is the 
same as the output of the corresponding controller. A U(K) in 

equation (3.3) consists of AXdc (K) as its com P° nent * The 
latter can be obtained from the converter equations (2.6) and 

(2*7) as 

A A ^c lK> - <3 * s) 

where 

*[p]A&( k ) + [o]Ai^( k+:l ) +[ RjAl^K) — (3.6) 
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in equation (3*6) is obtained from the equations 
(2*22) and (2.24); corresponding to the firing pulse generators 
associated with the rectifier and inverter terminals. 

Combination of equation (3.4) with aquations (3.5) and 
(3.6) after substituting for A using the equations corres- 

ponding to the firing pulse generators, result in the following 
equation. 

^x'(K+l) * [A* ] Ax 1 (K) +8* A V C ( K > — (3.7) 

In case IPC firing scheme is considered, then discrete 
equation (3.3) is directly combined with equations (3.5) and 
(3.6) to give equation similar to the equation (3.7). 

Since A v c^ equation 3.7 is the output of the 
converter controller, it can be related to the state vector 
AX and then the closed loop description of the overall system 
can be obtained in the form. 

AxW) «[ A*‘ ]Ax(K) 


(3.8) 
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Stability analysis can be carried out on the basis 
of eigen values of matrix [a* * ] . To investigate the system 
stability using the frequency response technique* the open 
loop transfer function is & P (S) / £*Vq{S) which oan be obtained 
a* shown in equation, 2.36. 


EXAMPLE i The stability analysis for a two terminal HVDC 
system is presented using the model developed earlier* 

Details about the system parameters and operating conditions 
are given in Appendix [ A-2] . The effects of different 
iELring schemes* controllers and system parameters are investi- 
gated* 

3*2 EFFECT OF FIRING CONTROL SCHEME 

The effects of IPC and EPC firing schemes have been 
discussed on a single converter model in the previous chapter* 
On the same lines a two terminal HVDC system is taken up to 
study the effect of firing control on stability performance. 

The cases studied are listed in Table 3*1* alongwith 
the details of associated control structures and firing 
schemes used* The rectifier is considered to be under constant 
current control whereas the inverter is on con sfcant extinction 
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TABLE 3.1 

Cases for Effect of Firing Scheme 


S. No. 


Rectifier 


Inverter ' 

Control 

Firing; 

■piii 

, , , Filing _.. tt 

1 

( — l 

B 

iV 

i i 

IPC 

- 

Predictive 

2 

i* 

EPC 

- 

Predictive 

3 

t* 

IPC 

[ 1 

L 1 -K3T J 

IPC 

4 

H 

EPC 

41 

IPC 

5 

♦ « 

IPC 

19 

EPC 

6 

II 

EPC 

M 

EPC 




TABLE 

LU 

♦ 

to 



Cases For 

Effect of 

Control Structure 






MKira 

Firincr 

Control 

Firing 

1 

r ... ..riL. ] 

L 1 +S T J 

IPC 

~ 

Predictive 

2 

it 

EPC 

- 

Predictive 

3 

[ -K(l+STi) j . 

IPC 

- 

Predictive 


i+st 2 





s 




4 

11 

EPC 


Predictive 

5 

41 

IPC 

M. C 3 #] 

EPC 

6 

M 

EPC 

94 

EPC 
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angle control. The details of the development of a model for 
case 6 of Table 3.1 are given in Appendix [c] . 

The frequency response based on the open loop trans- 
fer function is obtained for the cases 1/2,, 4 #nd 6 of Table 3.1 
and only the significant portion of it are plotted respectively 
in Figures 3.1, 3.2, 3.3 and 3.4. The converter-controller 
gain and time constants are indicated in [A-2]. The 

corresponding operating conditions and system parameters are also 
given in t h« 9 a’ 1 '® Appendix. 

From Figures (3.1) and (3.2)/ it can be seen that the 
frequencies of oscillations at which instability is likely to 
Occur are 16.9 Hz and 65.8 Hz with IPC and 1.3 Hz with EPC at 
rectifier when the inverter is at predictive type CEA control lor. 
Introduction of IPC at inverter (Figure 3.3)/ does not alter 
the frequency of oscillation (1.3 Hz), but with use of EPC at 
inverter (case 6) it is slightly increased (7.3 Hz t refer 
Figure 3 . 4 ) . Thus it is seen that the VCO based EPC firing 
scheme/ which introduced! an integral characteristic in the 
system/ results in oscillations at lower frequencies. This 
effect of EPC has also been reported in reference . 

The stability characteristics of the system are 
further investigated through the stability boundaries obtained 
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FIG. 3. 3 FREQUENCY RESPONSE 
TABLE [3.1] . 


' FOR CASE 4 OF 
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FIG . 3. A FREQUENCY RESPONSE FOR CASE 6 

OF TABLE [3.1] . 
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i.3Xla) FREQUENCY RESPONSE FOR CASE 4 OF TABLE [3-2] 
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in the rectifier controller gain time constant plana and are 
plotted in Figure 3.5 as curves 1 to 6 for cases 1 to 6 of 
Table 3*1 respectively. The portion to the left of the boundary 
is stable, while that on the right is unstable. 

A comp air ison of curves 1 and 2 indicates that with 
predictive type of C.E.a. controller at inverter, the stability 
ire. rgin at lower time constants is better with EPC at rectifier* 
while at higher time constants IPC at rectifer is preferable* 

A similar observation was made in the case of single converter 
system discussed in the previous chapter and can also be made 
through comparison of curves (3,4) and (5,6). All these cases 
in general indicate that the use of EPC at rectifier enhances 
the stability domain in the range of time constant below 0.1 

second* 

With rectifier under IPC firing scheme, it is evident 
Scorn curves X and 3 that use of IPC at inverter enhances the 
stability region significantly at higher time constants. The 
Stability domain is further improved with EPC at the inverter 

(Figure 3*5). 

From conparison of curves U/2>/ <3,4), (5,6) and the 
for single converter case (Figure 2.6), 


stability boundary 



.0 


-I.U 



FIG . 3.5 
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Log gain 

EFFECT OF firing 
STABILITY boundaries 


SCHEME . 

FOR TABLE [3.l], 
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it is interesting to note that the choice of firing control 
scheme at the rectifier largly governs the stability character- 
istics of the system. While with IPC at rectifier, it is 
evident that controllers parameters can be varied over a wide 
range. The choice is restricted considerably with EPC at 
rectifier, Furthermore, comparison of curves 2,4 and 6 indi- 
cates that with rectifier under EPC, it is beneficial to have 
Inverter under IPC. 

3.3 EFFECT OF CONTROL STRUCTURE 

An attempt is made to investigate the stability of 
the two terminal HVDC system with different control structure. 
The various cases studied are given in Table 3,2, Rectifier 
terminal is under constant current control and the inverter 
is under C„£„A. control. The system parameters and operating 
conditions are given in Appendix [A-2] , 

Figure 3,4 (a) shows the frequency response for case 4 
Of Table 3,2, The oscillations are observed to occur at 25 Hz 
and 64,8 Ha, Comparison of the responses shown in Figures 
3.4(a) and Figure 3,2 for case 2 of Table 3.2 (which is same 
as case 2 of Table 3,1); Shows considerable increase in the 
froquency at which oscillations can occur leading to system 
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instability . This effect can possibly be attributed to the 
PI controller, which is incorporated in the system. 

A more rigourous comparison of the various cases 
studied is made on the basis of the stability boundaries 
plotted in Figure 3.6 for Table 3.2, as curves 1 to 6 for 
cases 1 to 6 respectively. Comparison of the cases 1 and 3 
shows that the stability domain is reduced considerably with 
the use of the PI controller (case 3), except in the small 
range of time constant (between 0.01 and 0,001 Second)* A 
similar observation can be made through comparison of curves 
2 and 4* It is also observed from curves 3 and. 4, that use of. 
EPC at rectifier, improves the system stability significantly 
with inverter under predictive control. Comparison of curves 
1 and % (a® was dona in the previous section) shows that EPC 
is better only in the lower rango of time constant. It is 
interesting to note from curves (4 and 6) that use of EPC alt 
inverter considerably improves the system stability. A similar 
affect is evident from comparison of curve (3 and 5) at lower 
values of timo constant. 

3.4 EFFECT OF POWER CONTROL AT RECTIFIER 

* 

Rectifiers are invariably assign the task of 

The effect of power control 


controlling the dc linfc power. 



BB 
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at rectifier Is therefore investigated -under both IPC and 
EPC firing control schemas. The cases studied are given in 
Table 3.3. The stability boundaries are plotted in Figure 
3.7. Comparison of these with curves 1, 2 of Figure 3.5 
(corresponding to the current control at rectifier) 
do®s not indicate any appreciable change in the stabi- 
lity characteristics of the system [*?/]. 

3.5 SYSTEM STABILITY WITH INVERTER UNDER CONSTANT 0 CONTROL 

Considering constant 0 operation of the inverter with 
IPC and rectifier under current control with IPC, the system 
stability is investigated with the operating condition as given 
in Appendix Ca-2] j and the stability domain is plotted in 
Figure 3.8. For the sake of comparison^ the stability boundary 
for case 3 of Table 3.1 is also shown in Figure 3.8. Tho 
dovulopmont of system model under constant 0 mode of operation 
at inverter is given in Appendix [C-2]. 

It is observed that constant 0 operation of inverter 
has a favourable influence on the stability characteristics 
of tho system. This effect may be attributed to the fact that 
with tho constant 0 operation of the inverter the slope of the 
dc voltage - dc current characteristic of the inverter becomes 
positive and thus may lead to better system stability. (3. 



TABLE 3.3 
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CotsGs for Effect of Power Controller 
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3.6 EFFECT OF VARIATION IN SYSTEM PARAMETERS 

Tha stability characteristics of the system are 
investigated with variation in the source inductance at both 
rectifier and inverter ends and also for variation in trans- 
mission line length. Operating conditions far both the cases 
are re stabl ished accordingly with change in system parameters. 
For this purpose the rectifier is assumed to be under current 
control and inverter under constant extinction angle control. 

Variation in source inductances at both rectifier and 
inverter ends are discussed first. The various cases studied 
are given in Table 3.4 and the stability boundaries are plotted 
In Tigure 3.9* The portion, to the left of the boundary is 
unstable while, that on the right is stable. It is observed 
that for a given value of source inductance at rectifier end, 
increase in the value of source inductance at inverter is 
determents! to system stability. However for a given value of 
source inductance at inverter, increase in source inductance 
at rectifier has a favourable influence on system stability* 
Comparison of curves (1 and $) shovs that the EPC firing scheme 
considerably improves the system stability as opposed to IPC 
firing scheme . A similar effect of EPC firing scheme is 
observed through comparison of curves 3 an< ^ 
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FIG. 3. 9 EFFECT OF SOURCE INDUCTANCE. 

STABILITY BOUNDARIES FOR TABLE [3- 4} 
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The effect of variation in transmission line length 
and inverter end source inductance on system stability is also 
studied for the cases given in Table 3.5. The stability 
domains are plotted in Figure 3,10. The region to the left 
of the boundary is unstable. It is observed from the var io us 
stability boundaries# that for a given inverter end source 
inductance# there is a minimum transmission line length, which 
is needed* for stable system operation. From curves 1 and | 
it is clear that increase in source inductance should be accom- 
panied with the increase in the transmission line length. 

This effect is possibly due to the EPC firing scheme at 
rectifier* However# it is interesting to note that with the 
use of IPG at rectifier (curve 4j)# a decrease in the transmi- 
ssion line length should be accompanied by increase in source 
inductance at inverter end to ensure stable system operation. 

Effect of variation of extinction angle was also 
observed at inverter end* The operating conditions we’re 
recalculated for this variation to maintain a constant dc 
current* Considering rectifier under constant current control 
with EPC and inverter under constant extinction angle control 
with IPC, the stability domains are obtained for different 
values Of extinction angles. These are plotted in Figure 3.11 
in the plane of rectifier and invertor controller gaina . It 
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Inverter controller gain 

FIG. 3. tl EFFECT OF EXTINCTION ANGLE . 
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can be observed that increase in the extinction angle is 
determental to system stability, A similar effect of increase 
in extinction angle has been reported in [**] * 


3.7 CONCLUSION 

A general model for representation of two terminal 
HVDC system is developed in detail. This model is flexible to 
accomodate changes in structure of different subsystems involved 
in it. Various cases are studied to observe the influence of 
fixing control schema, controller-structure, control— strategy 
and system parameters. Inferences dir awn from there studies 
are found to be in agreement with reported literature to a great 


extent 



CHAPTER 4 


TWO TERMINAL HVDC SYSTEM STABILITY 
WITH DIODE BRIDGE RECTIFIER 

In a HVDC system/ whether two terminal or multi -ter- 
minal/ one of the terminals operate under voltage control/ 
defining the voltages on the dc system buses. In rof^tS] Bowles 
has reported. that a. reliable voltage control can he obtained ini 
HVDC system, by using a diode bridge in place of conventional 
thyristor bridge at rectifier station particularly when the 
generation is isolated. 

In a- two terminal HVDC transmission schemes under 
operation# the inverter terminal operates with constant 
extinction angle thereby controlling the system voltage. Use 
of diode bridge converter as an inverter is not very feasible 
due to* the problem of commutation failure. [ 18], 

In this Chapter/ the stability characteristic of a 
two terminal HVDC system “with a diode bridge converter as a 
rectifier terminal is investigated. The inverter terminal is 
chosen to operate under constant current control. The system 
model is developed employing the component models given in 
Chapter 2. Stability is then analysed based on eigen value 
criterion. 

4.1 MODEL FORMULATION 

In a diode bridge/ the firing always takes place at 
the positive going aero crossing of the commutation voltage 
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thus resulting in zero delay angle. Converter equation (2,9) 
at rectifier can f the re fore, be modified suitably and written 
as 


V dR (K) “.SH 0 ' 2L o h W K+1) + L C 4 I dR (K) ^ 
1 \, 


— (4.1) 


Furthermore, a current control is realised at invertor alongwith 
XPC firing control scheme. The continuous time equation for 
this is 


-6 Sc ® f A (J & + A U diodo 
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whore and are the gain and time constant of controller. 
Equation (4*2) is then combined with the transmission line 
equation (2.10) to give overall continuous time equation as 


^X*[A]AX +[Bj AY^OO 


— (4.3) 


The above equation is than discretized as discussed 
in Appendix [b] to give 

X<K+X) • O ^3 At ^AX(K) + CMD ] EbJa^CK) -** (4.4) 
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Equation for converter dc voltage is 




where A (K) » [ &a(K) + [> 2 ] *\ X (K+l ) + [a 3 ]4X(K) 


— (4.5) 


where [ A^] 
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Equations (4.4) and (4.5) are combined with following 
equation for firing pul se generators. 

AV C — (4.6) 

where V- is the control voltage, obtained from con- 
troller output at inverter and and sent to corresponding 
firing pulse generator whose gain is K^. 
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Thus tha overall system model is rapresented as 

A x‘ (K+i) * [aa.J4x‘(k)+ 8B. Av c tTK; — ( 4 . 7 ) 

A closed loop matrix is thereafter obtained to analyse 
the system stability as discussed in,, section 2.6 for single 
converter system. 

4.2 RESULTS 

The stability study is carried out with the operating 
conditions and system parameters as given in Appendix [A-3] . 
Stability boundary is plotted in the plane of gain and time 
constant of the current controller in Figure 4.1. Comparison 
of the system discussed in this chapter is made with the conven- 
tional systems having thyristor bridges at both the rectifier 
and inverter corresponding to gases 3 and 4 of Table 3.1. A 
drastic improvement in stability domain in observed with the 
system having diode bridge. 


4.3 CONCLUSION 

This chapter demonstrates the desirability of having 
a diode bridge at rectifier. The study is carried out for 
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two terminal system, however, it is found that the scheme is a Is o 
suitable for multiterminal systems also having remote genera- 
tion [ jfcft, ] . For the case studied, it is observed that there 
is a major improvement in the stability characteristics of 
the system with diode bridge rectifier. 



CHAPTER 5 


CONCLUSION 

5.1 OPERATING POINT STABILITY - ANALYSIS 

With the rapid developments in the HVDC transmission 
technology/ attempts are being made to improve the system 
performance through use of better control alternatives even 
in the case of existing two terminal HVDC installations 
whose operation is fairly well established now. This, there- 
for®/ stresses the need to have a systematic approach for 
the design of converter control system t© ensure reliable 
system operation. In this context the operating point 
stability analysis «f two terminal HVDC system has been 
attempted in this thesis. The formulation of the HVDC system 
model proceeds with the development of the individual compo- 
nent models/ constituting the HVDC system, and their inter- 
connection through appropriate system variables. 

The discrete time representation of the converter 
based on average system quantities is reported in Chapter 2 
alongwith the development of the component models for DC 
transmission line/ converter control and firing pulse genera- 
tor. The interconnection of these subsystem models through 
appropriate interfacing variables leads to the linearised-/ 
discrete time# State space description of the overall system, 
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as discussed in Chapter 3. The system stability is investi- 
gated using linear control theory techniques in both frequency 
and time^ domain (eigen value analysis). The approach for 
the formulation of the system model is extremely modular in 
nature and therefore enables dynamic representation of the 
various subsystems to any desired degree of detail. 

The system model is airployed to investigate the 
stability characteristics of the two terminal HVDC system 
with both Individual phase control and Equidistant pulse 
control firing schemes. One of the features of the study 
is to investigate the performance of a feedback type of 
extinction angle controller at the inverter under both IPC 
and EPC firing control schemes. It has been observed that 
use of EPC firing scheme at inverter helps to improve the 
system stability when the source inductance is large. The 
results of the various case studies reveal that the choice 
yf IPC or EPC scheme at either rectifier or inverter terminals 
is dependent to a great extent on the system parameters. It 
has also been observed that the constant 0 (advance angle) 
operation of the inverter led to a better stability margin 
as compared to the constant extinction angle operation. 
Although this result is as expected, but constant 0 operation 
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is not generally considered at the inverter due to the problem 

of commutation failure and may be useful only in certain specific 
system conditions. 

The possibility of using a diode bridge converter/ 
in place of the conventional thyristor converters at the 
rectifier terminal has been reported in the literature parti- 
cularly when the generation is remote. The study of the 
stability characteristics of the system with this alternative 
has been reported in Chapter 4 and it reveals that use of diode 
bridge converter at rectifier station drastically improves 
the system stability. 

The stability investigations undertaken in this 
thesis may be considered as a first step towards the final 
selection of the controller parameters which in turn/ has to 
bo made through detailed study using digital simulation or 
HVDC simulator. 

5.2 SCOPE FOR FURTHER WORK 

1. In the study reported, in this thesis/ the effect 

of the ac system dynamics is neglected under the assumptions 
of strong ac system. However/ in case of hvdc links connoc- 
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tod between weak ac systems* the interaction, between, the ac 
and dc system dynamics influences the performance of HVDC 
system to a considerable extent. It will, therefore, be 
necessary to include representation of the ac system in the 
stability analysis for the purpose of aontroller design, 

2, Since the multiterminal HVDC systems are being 
planned for the future, it is necessary to analyse the system 
stability for the proper design of the coordinated control 
systems* 

3, The studies reported in the thesis are confined to 
the systems employing analog control techniques. However, 
with increasing interest in the use of microprocessor control, 
it would be interesting to study the system stability 
characteristics with digital control strategies. 
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APPENDIX A 

OPERATING CONDITIONS AND SYSTEM PARAMETERS 

A~1 Single Converter System 

No Lead DC Voltage » 100 Volts 

Direct Current * 5 Ampere 

Commutating Inductance » 0.005 H 

Firing angle * 15° 

Load resistance * 17.818 ohms 

Load time constant » 0.2 Second 

Frequency * 50 Hz 

Except for Tj all other values are taken from [ 1 3 ] 

A o-2 Two Terminal HVDC System 

Rated do link power * 906 Mw 

Frequency * 60 Hz 

AC line voltage at .* 525 kV 

rectifier end 

AC line Voltage at * 500 kV 

inverter end 

DC current * 726 Ampere 

Commutating inductances * 0.09 H 

for rectifier and 

inverter 

Line resistance * 0.0508 ohm/mile 



71 


Line capacitance 

Line inductance 

Line length 

Smoothing reactor 
resistance 

Smoothing reactor 
inductance 


0.0091 juF/mile 
0.00324 H/mile 
300 miles 
1.87 ♦&*»* 

0.5 H 


For the Cases reported in Table 3.1 

Rectifier firing angle = 15. 46°, Extinction angle * 15°. 

(i) Frequency Response (Figs. 3.1, 3*2, 3.3, 3.4) 

Case 1 s At rectifier K =* 0.0343 rad/amp, T * 0.2S 
Case 2 i At rectifier K * 0.0025 rads/arrp, T » 0, 23 

Case 4 : At rectifier K * 0.01 rads/anp, T « 0,28 

At Inverter K « 0.0343 rads/amp, T * 0.25 

Case 6 s At rectifier K * 0.01 rads/amp, T * 0.23 

At Inverter K » 0.0343 rads/amp, T » 0.23 

(ii) Stability Boundaries (Fig. 3.5) 

For all the case where feedbak type of CEA control is 
considered at inverter, K * 0.0343, T » 0,23 


For the Cases reported in Table 3.2 

Rectifier firing angle * 15*46°, Extinction Angle » 15° 

(1) Frequency Response (Fig* 3.4a) 

Case 4 i At rectifier K « 0.0343 rads/amp, * 0.01S, 
T-> «* 0.005S 
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(ii) Stability Boundaries (Pig. 3.6) 

The stability boundaries for cases 3/4,5 and 6 are 

plotted in the K-T, plane of the controller at the 

.Kd+STJ 

rectifier terminal which is of the type 
T^ was chosen as 0.01s 

For cases 5 and 6, the inverter controller gain is 



K * 0.0343 


For the cases reported in Table 3,3 

Rectifier firing angle * 15.46°, Extinction angle * 15°. 
At rectifier ** 0.01S 

The stability boundaries are plotted in the K-Tj plane 
(Fig. 3.7). 

For the cases reported in Table 3.4 

Rectifier terminal dc current * 726 Anps 

Inverter extinction angle * 15° 

Rectifier and Inverter Side « K = 0.0343, T * 0.2S 

Controller parameters 

The rectifier and inverter firing angles were calculated with 
change in source inductances* 

For the cases reported in Table 3.5 
At rectifier K » 0.003 

* 0.00316S 
^2 * 0. 005S 
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At Inverter (Gases 2 and 3) : K * 10.0 

The rectifier and inverter fxring angles were calculated 
with variation in inverter side source inductance and trans- 
mission line length. 

With Constant 0 Control at Inverter 

Rectifier firing angle «= 15.46° 

Inverter firing angle «* 153.65° 

At Inverter K * 0.0343/ T * 0.2 & 

Stability boundary is plotted in the plane of controller 
parameters at rectifier. 

A—3 Two Terminal HVDC System with diode bridge Rectifier 
System Parameters are same as given in Appendix A-2. 
Rectifier terminal had no control 

Inverter terminal was equipped with Feedback type of 
Current Control {.K/ (1 +ST) ]s K * 0.0343 rad/amps and 
T • 0.2# . Inverter firing angle * 153,65°, stability 
boundary was plotted in the K-T plane of the inverter 
controller. 
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APPENDIX B 


DISCRETIZATION OF CONTINUOUS TIME STATE EQUATION 


Consider a continuous time equation 


« * [A ] X + [B ] u 


— • (B.l) 


The solution of this equation is 


Set) * 9 


[a] t 


S(0> + 9 


U 

[a ] t j e - [ a] T £ ^ (r) d (t) 


(B,2) 


Assuming the forcing function to maintain a constant value of 
H^.(K) during the interval of time from the instant t(K) to 
t(K+l), [5]. 

f t(K+l) 

SOM) = a U]At K St 00 M m A < t(K+1) ' T >- 

( t(K) 



where At^ * MKHKL) - t(K) 
If t(K+l) - t *» t‘ # then 


X^. (K+l ) * e 


V (K) 4- [ Md] [ b] u t (K) 


— (B.4) 


I 




1 a 3 1* 


dt« 


whore [MD ] 
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* At 


K 


r . [A] At K [A] 2 At? 

m + _^ + — V+---} 


■) 


wham [A] is singular 


— (B,5) 




q [a]. tK f xl/ [A]** 1 ; when C a] is nonsingular 


(B,6) 


only first few terms of series in (3.5) are considered to find 
[ MD] [8] . 
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APPENDIX C 
MODEL FORMULATIONS 


C~1 Controller model for case 6 of Table 3.1 - 

In the case considered, both the rectifier and 
inverter are equipped with EPC firing control scheme. The 
block diagrams for the controllers are shown in Figure (C.l) 
and (C.2) » The controller dynamics can be described as follows. 


For rectifier terminal 

Ap * i AP+ ^ 

r l r l 



(c.l) 


For Inverter terminal 

AV C2 * -^ AV C2 + ^ ~ (C ' 3> 

A = Gl Z\I, T + G2 Aa — (C.4) 

^ in dx x 

Hence AV C2 - J. Al dI + -^AOj. - (c. 5) 


The equations (C.l) and (C.5) can be written as follows 
in conformation with equation (2.20) to give the dynami os of 
controllers as 

a£ e -W ASs + W A Ue (c * 6> 

AP Av c2 


where Ax^ 



CONTBOu 



FIG.C-3 CONTROLLER AT INVERTS, 
FOR CONSTANT fi. 
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.T 


and AUg ** ^ dR A I 


dl 



Equation (C.6) is than combined with tho transmi- 
ssion line equation (2.10) to give 


AX s[A]AX + [BjAU^K) 


— (C.7) 


where & X 


a *e 

4 ^J 


and 


Au^(K) 


[AttjOO AVJ c (k)] 


The firing angles at the converters are given by 


Aa R (K) * A 2 1 (K) 

A a I (k) = Az 2 (k) 


— (c*8>) 


Equation (C.7) is discretized and combined with 
equations for firing angle s (C.8) and converter (3.6 # 3.7) 
to give 


X (K+l) * [AAj A X(K) + BB A S V C (K) 


— (C*9) 

- t 
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Dynamics of VCOs are given by 


AZ^K+1) * AZ X (K) + K fal At K AV G1 (K) 

— (C.10) 

A Z 2 (K+l ) * A Z 2 (K) + K j g s2 •At K ^V c2 (K) 

whore and K f g2 are the unity gains of firing pulse gene rat 

at rectifier and inverter respectively. 

Equations (C.9) and (C.D) are combined to represent 
the overall model of the system. 

A X» (K+l) * [a|1 A X' (K) + B* AV c (K) — (C.ll) 


C-2 Constant 6 Converter-Controller at Inverter - 

The block diagrams given in figures (C.2) and (C.3) 
show the controllers at rectifier and inverter ends. The 
corresponding equations are 


AP«~~ AP + sr- A I 
l X T 1 


dR 


and A v, 


C2 


1 K 2 

T C2 tT^I 
2 2 


— (C.12) 


(C.13) 


The equations can then be combined to give 


A Scb • c a cb]a$ob + [ B b] AUj, 


(G.14) 
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where & * Cap / U 0 is the input vector contain- 

ing rectifier dc current and inverter firing angle. 

Equation (C.14) is then combined with the equation 
of transmission line (2.10) to give 

*[ A ] aX + [ B] AUj(K) — (C.15) 

Equation (C.15) is discretized and combined with 
converter and firing pulse generator equations to give 

AX(K-i-l) * [ AA]/>X(K) + BB i\^ c2 (C.16) 

Equation (C.16) describes the constant /3 controller 

model 


[ 
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